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BRIEF 


A number  of  alternate  drop  waveforms  to  compensate  for  charging  current 
at  the  dropping  mercury  electrode  are  applied  to  rapid  scan  pulse  voltammetric 
methods . 

ABSTRACT 

A number  of  alternate  drop  waveforms  which  compensate  for  charging 
currents  at  the  dropping  mercury  electrode  which  arise  as  a result  of  drop 
growth  are  examined  in  connection  with  several  rapid  scan  pulse  vol tammetric 
methods.  Both  normal  and  differential  pulse  and  square  wave  rapid  scan  wave- 
forms are  applied  and  it  is  demonstrated  that  the  alternate  drop  techniques 
can  be  applied  to  the  rapid  scan  methodology  in  an  acceptable  manner. 


RAPID  SCAN  ALTERNATE  DROP  PULSE  POLAROGRAPHIC  METHODS 


At  a dropping  mercury  electrode  (dme)  there  is  added  to  any  faradaic 
current  a contribution  from  the  double  layer  charging  current,  owing  to 
the  electrode  area  growing  continuously  during  the  experiment.  Charging  cur- 
rent must  then  flow  at  all  times  to  maintain  the  proper  charge  density  at  the 
electrode  surface.  It  is  this  charging  current  that  limits  the  useful  analyti- 
cal concentration  that  the  regular  pulse  techniques  can  detect.  This  problem 
has  been  extensively  discussed  by  Christie  et  al  (1,2, 3, 4). 

The  techniques  that  were  developed  to  eliminate  this  background  are 
based  on  the  fact  that  faradaic  current  flowing  at  the  dme  depends  on  the 
potential  and  time  of  measurement  and  the  past  history  of  the  waveform  while 
the  capacity  current  depends  only  on  the  potential  and  time  of  measurement. 

It  is  independent  of  the  previous  history  of  the  waveform.  One  only  then 
needs  to  make  two  measurements  at  the  same  time  and  potential  with  different 
waveform  histories  and  subtract  them  to  completely  discriminate  against 
charging  current  at  the  dme. 

The  alternate  drop  technique  requires  two  measurements  on  successive 
drops  (2,3).  This  means  that  the  analysis  time  is  double  over  standard 
pulse  polarographic  experimental  methods. 

Square  wave  voltammetry  at  the  dme  (5,6)  and  other  rapid  scanning  modes 
(7)  scan  the  entire  potential  range  of  interest  in  a single  drop  of  a dme 
offering  fast  analysis  time  with  little  or  no  loss  in  sensitivity.  They 
also  contain  as  part  of  their  background  the  charging  current  due  to  the 
growing  drop.  This  paper  will  explore  some  rapid  scanning  polarographic 
techniques  in  the  alternate  drop  mode  that  are  designed  to  eliminate  this 
type  of  charging  current. 
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Theoretical 

The  origin  of  the  charging  current  background  has  been  thoroughly 
discussed  (1,4).  It  stems  from  the  requirement  that  a constant  potential 
at  a dme  current  must  flow  to  maintain  the  appropriate  surface  charge  den- 
sity as  the  area  of  the  drop  changes.  The  charging  current  at  any  given 
time  and  potential  can  be  given  by  (1) 

Ic(E,t)  = -2/3  k m2/3  Q(E)/t1/3  (1) 

2 2/3 

where  k is  a constant  (equal  to  .8515  cm  /g  ) and  Q(E)  is  the  charge  den- 
sity at  the  potential  E.  The  minus  sign  arises  from  the  convention  of 
cathodic  current  being  positive. 

The  faradaic  current  for  the  rapid  scan  modes  will,  of  course,  depend 
on  the  choice  of  waveform;  in  general,  the  faradaic  current  can  be  given  by 

nFACD^ 

If(E,t)  = -jr~-  <|/(E,t)  (2) 

T v 71  l 

where  r would  be  the  total  cycle  time  of  the  waveform,  typically  the  time 
for  the  base  staircase,  and  ^(E,t)  would  give  the  shape  of  the  current 
potential  characteristic  (5,6).  The  explicit  formation  of  these  functions 
could  be  obtained  from  the  application  of  the  superposition  theorem  (8)  or 
the  general  waveform  equation  presented  by  Rif kin  and  Evans  (9)  or  by  use  of 
the  square  wave  equations  presented  by  Christie  et  al  (5). 

If  we  take,  for  example,  the  square  wave  waveform  and  focus  our  atten- 
tion on  a single  cycle  in  the  train  we  have  for  the  difference  current  a 
charging  current  contribution  given  by 

Alc  = -2/3  k m2/3  [Q(E1)/t11/3  - Q(E2)/t21/3]  (3) 

where  t^  and  t2  are  the  time  in  the  life  of  the  drop  where  the  measurements 
are  made  [t?  = t-j  + t(p2~p^)  for  square  wave]  and  E^  and  E2  are  the  measure- 
ment potentials  (for  square  wave  E2  = E-j  - 2E$w).  P-|T  and  P2T  are> 
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respectively,  the  time  of  measurement  for  the  individual  forward  and  reverse 
currents. 

For  the  faradaic  current  alone  we  have  as  before 


_ nFACD ' 

^f  /it  t 


AtJj  ( E , t ) 


The  total  current  can  then  be  written 


Al  = AI,  + AI 
sw  f c 


This  is  essentially  the  same  equation  that  is  given  by  Christie  et  al 
(1,2)  indicating  that,  although  the  experiment  is  done  during  the  life  of 
one  drop,  the  charging  current  contribution  is  the  same. 

To  eliminate  this  contribution,  one  only  needs  to  insure  that  for  the 
difference  measurement  t^  = t^  and  = E^.  The  easiest  way  to  accomplish 
this  is  to  do  scans  on  successive  drops  and  make  measurements  at  the  same 
time  and  potential.  However,  in  order  to  have  any  measurable  faradaic 
response,  one  must  use  different  waveforms  for  the  two  scans  so  that  the 
faradaic  response  for  the  two  measurements  will  not  be  the  same.  Our  equa- 
tion for  the  total  faradaic  current  can  now  be  given  by 

nFACD** 

If  * -7—  [^(E.t)  - *2(F.t]  (6) 

where  and  have  different  potential -time  characteristics  but  where 
current  measurements  are  made  at  the  same  potential  and  time.  The  double 
layer  charging  terms  now  have  dropped  out. 

To  optimize  the  faradaic  response,  one  would  want  to  give  a very 
large  faradaic  response,  and  to  give  a very  small,  or  even  better  an 
opposite,  faradaic  response  so  that  AI  ^ would  remain  as  large  as  possible. 

Experimental 

A PDP-12  computer  (Digital  Equipment  Cor  ton)  was  used  for  on-line 
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experiments  and  analysis  of  data.  For  some  of  this  work,  a PAR  174  was  used 
as  a potentiostat  and  I-E  converter.  For  the  trace  analysis  runs,  a homemade 
potentiostat  and  I-E  converter  were  used  (7).  The  dropping  mercury  electrode 
assembly  was  the  PAR  Model  9337  polarography  stand  with  a PAR  Model  172A  drop 
knocker  driven  by  the  computer.  The  cell  was  a 100  ml  berzelius  beaker.  A 
saturated  calomel  electrode  from  Sargent  Welch  (30080-1 5A)  with  a porous 
platinum  tip  was  used  as  reference.  The  counter  electrode  was  a platinum 
helix  separated  from  the  solution  by  a pyrex  tube  with  a pin  hole  in  the 
bottom.  Triple  distilled  mercury  (Bethlehem  Apparatus  Co.)  was  used. 
Deaeration  was  done  with  prepurified  nitrogen  further  purified  by  passage 
over  hot  copper  wool . 

Way e if o rms_  and  Re sul  ts 

Each  technique  requires  two  scans  with  different  waveforms.  The  first 
set  of  waveforms  will  be  in  the  normal  pulse  vein. 

The  first  waveform  to  be  discussed  is  the  rapid  scan  normal  pulse  wave- 
form. Both  type  1 and  type  2 measurements  (4)  are  possible  with  the  alternate 
drop  modes.  Figure  1 details  the  waveforms  used.  For  a type  1 measurement, 
the  first  scan  is  the  normal  pulse  rapid  scan  waveform  (solid  line),  measure- 
ments being  made  only  at  the  pulse.  The  second  waveform  on  the  drop  is  a 
staircase  whose  potentials  are  coincident  with  the  pulse  potentials  (dashed 
line);  measurements  are  made  at  the  same  time  in  drop  life  as  during  the 
previous  pulse  measurement.  The  difference  is  recorded. 

For  a type  2 measurement,  a third  "scan"  is  made  with  tne  initial  wave- 
form. Here  measurements  are  made  just  prior  to  the  pulse  application. 

Figure  2 gives  the  current  potential  characteristic.  The  output  is 
a rapid  scan  normal  pulse  polarogram  from  which  is  subtracted  a staircase 
vol tammogram.  The  waves  are  more  drawn  out  than  the  regular  rapid  scan 


normal  pulse  polarogram  due  to  the  subtraction  of  the  staircase  current. 

It  is  fairly  obvious  that  to  optimize  this  mode  one  wants  the  pulse 
as  short  as  possible  and  the  delay  time  (time  during  which  the  drop  grows 
prior  to  pulse  train  application)  as  long  as  possible,  consunmate  with 
completing  the  required  voltage  scan  during  the  life  of  a drop.  The 
faradaic  current  from  the  staircase  will  then  be  as  small  as  possible  and 
will  not  affect  the  height  of  the  wave  appreciably. 

Figure  3 shows  an  ordinary  and  alternate  drop  rapid  scan  normal  pulse 
polarogram  for  cadmium  in  0.1  M KC1 . The  background  slope  for  the  alter- 
nate drop  mode  is  less  but  still  not  flat.  The  reason  for  the  sloping  back- 
ground can  be  attributed  to  "capillary  response",  a phenomena  discussed  by 
Barker  (10,11).  The  capillary  response  is  obviously  different  for  the  two 
scans. 

Christie  et  a]_  (1,2)  obtained  similar  results  with  their  alternate  drop 
normal  Dulse  technique.  It  is  not  surprising  that  the  same  phenomena  occurs 
with  the  rapid  scan  alternate  drop  modes. 

It  is  interesting  to  note  that  although  the  alternate  drop  background 
is  not  flat,  it  is  straight.  Between  -.2  and  -.6  v the  ordinary  mode  has 
a good  deal  of  structure  while  the  rapid  scan  mode  is  almost  linear.  Al- 
though the  wave  is  diminished,  the  smaller  slope  and  straighter  background 
should  make  measurement  of  these  waves  at  trace  levels  much  easier. 

The  second  waveform  to  be  discussed  is  very  similar  to  Christie's 
constant  potential  mode  (3);  the  scan  is  just  completed  during  the  life  of 
one  drop.  Figure  4 details  the  potential-time  dependence  of  this  waveform. 
For  this  mode  pulses  are  always  made  back  to  the  same  potential  (the  initial 
potential)  with  the  potential  being  stepped  during  the  delay  time.  For  the 
second  "waveform"  one  sits  at  the  initial  potential  and  measures  the  current 


at  the  same  time  the  pulse  measurements  were  made.  The  difference  is 
recorded. 

The  faradaic  response  (Figure  5A)  is  very  similar  to  a constant 
potential  pulse  polarogram,  except  the  scan  is  completed  in  just  two  drops. 
If  the  initial  potential  is  set  so  that  no  faradaic  current  flows,  then 
there  will  be  no  diminution  of  the  wave  when  the  second  scan  is  subtracted. 

Figure  5B  gives  an  example  of  the  use  of  this  alternate  drop  mode  at 
the  trace  level.  It  is  obvious  that  the  background  has  been  greatly 
decreased  over  the  regular  rapid  scan  normal  pulse  mode  shown  in  Figure  3. 

The  next  two  modes  are  in  the  rapid  scan  differential  pulse  vein.  The 
two  waveforms  have  been  termed  differential  pulse  forward  mode  (DPF)  and 
differential  pulse  reverse  mode  (DPR). 

Figure  6 details  the  potential  time  dependence  for  the  DPF  mode.  For 
the  first  scan  (solid  line)  pulses  are  made  in  the  direction  of  the  scan 
with  current  measurements  being  made  only  at  the  pulse.  The  second  scan 
(dashed  line)  is  a staircase  whose  steps  are  coincident  with  the  pulses, 
measurements  being  made  at  the  same  time  as  the  pulse  measurements.  The 
two  scans  give  similar  faradaic  responses,  except  near  the  half  wave  the 
response  for  the  pulse  measurement  is  greater.  Thus  there  is  a diminution 
involved  due  to  the  subtraction  of  the  staircase  current,  the  amount  depend- 
ing on  the  pulse  height,  step  height,  pulse  time  and  delay  time  between 
pulses. 

Table  1 gives  calculated  data  for  DPF  for  various  pulse  heights  and 
Dulse  time  to  delay  time  ratios.  This  data  was  calculated  using  the  square 
wave  theoretical  equations  given  by  Christie  et_  a^  (5).  The  diminution 
factor  given  here  is  the  ratio  of  the  alternate  drop  mode  peak  current  to 
the  ordinary  mode  peak  current  expressed  as  a percent.  The  larger  the 
diminution  factor,  the  better  the  response. 
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Of  note  in  Table  1 is  the  decrease  in  the  amount  of  diminution  as  the 
ratio  of  pulse  time  to  delay  time  decreases.  This  is  the  same  trend  that 
was  observed  by  Christie  et  a_j_  (1,2)  for  their  techniques.  The  peak  half 
widths  are  wider  for  the  alternate  drop  modes  but  become  narrower  for 
smaller  values  of  5/r. 

Figure  7 gives  an  experimental  example  of  the  faradaic  response  for 
this  technique  as  well  as  the  individual  pulse  and  staircase  currents.  Of 
interest  is  the  tailing  of  the  peak.  This  has  obvious  analytical  implica- 
tions for  closely  spaced  peaks. 

Figure  8 shows  regular  and  alternate  drop  rapid  scan  polarograms  for 
lead  in  0.1  M KC1 . The  background  for  the  alternate  drop  mode  is  not  only 
much  flatter  but  nearly  zero.  This  is  analytically  important  since  it  is 
the  finite  and  often  unknown  background  in  ordinary  differential  pulse 
polarography  that  limits  the  usefulness  of  standard  additions  as  an 
analytical  technique.  With  a zero  background  only  the  criteria  of  linearity 
need  be  satisfied  to  be  able  to  use  standard  additions  to  quantitate  unknown 
samples  at  this  level . 

Figure  9 gives  the  potential -time  dependence  for  the  DPR  mode.  In  this 
mode  the  pulses  are  made  in  the  opposite  direction  of  the  scan  (solid  line). 
A staircase  (dashed  line)  is  again  used  as  the  second  scanning  waveform. 

As  a first  pass,  it  might  be  expected  that  if  the  reverse  pulse  were 
large  enough,  the  currents  for  the  two  scans  would  be  opposite  and  there 
would  be  little  or  no  diminution.  However,  from  a perusal  of  Table  2,  it 
is  obvious  that  there  is  considerable  diminution  involved,  more  so  than 
the  DPF  mode. 

Figure  10  illustrates  the  problem.  Much  as  the  reverse  peak  is 


shifted  with  respect  to  the  forward  peak  in  cyclic  voltammetry,  so 
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the  reverse  pulse  peak  is  shifted  with  respect  to  the  staircase  sweep,  the 
reason  being  that  the  two  currents  are  measured  at  the  same  potential.  The 
currents  are  indeed  opposite  but  unfortunately  they  are  opposite  at  different 
potentials  and  thus  the  peak  broadening  and  diminution. 

Figure  11  gives  an  example  of  the  use  of  DPR  mode  at  the  trace  level. 

A comparison  of  this  type  with  Figure  8 shows  that  DPR  mode  does  indeed 
flatten  and  decrease  the  amount  of  background. 

Although  the  peak  widths  for  DPR  mode  are  slightly  narrower,  there  is 
less  diminution  involved  with  the  DPF  mode.  The  exact  usefulness  of  each 
will  naturally  depend  on  the  experimental  situation. 

The  final  alternate  drop  waveform  to  be  discussed  utilizes  the  square 
wave  waveform.  The  essence  of  this  technique  is  that  it  involves  scanning 
two  successive  drops  with  square  wave  waveforms  which  are  shifted  by  it 
relative  to  each  other  and  which  differ  in  their  relative  initial  potentials 
by  2 E . Figure  12  gives  the  waveform  and  timing.  For  the  first  scan, 

o W 

only  forward  pulse  measurements  are  made  (solid  line);  the  second  scan 
involves  taking  only  reverse  pulse  measurements  (dashed  line).  This  is 
virtually  identical  to  a regular  square  wave  experiment  except  here  the 
forward  and  reverse  currents  are  measured  at  the  same  potential  and  time 
in  the  life  of  the  drop.  For  the  figure  shown  here  the  waveforms  for  the 
two  sweeps  have  complementary  symmetries.  If  the  symmetry  of  the  forward 
pulse  is  given  by  ,?  then  the  symmetry  of  the  reverse  pulse  is  given  by  (l-o). 

Table  3 gives  the  calculated  results  for  peak  heights  and  half  widths 
for  various  square  wave  amplitudes  and  symmetries.  For  this  table,  both  the 
first  and  second  scans  have  the  same  symmetry,  therefore  for  an  asymmetric 
square  wave  the  reverse  pulse  has  a different  length  than  the  forward  pulse. 
Of  particular  note  is  that  the  peak  width  can  be  considerably  decreased  by 
making  the  waveform  asymmetric.  This  is  in  contrast  to  regular  rapid  scan 
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square  wave  in  which  the  peak  width  at  half  height  is  fairly  independent  of 
the  symmetry  of  the  square  wave.  Also  not  only  are  the  peaks  narrower  for 
small  a's,  but  the  amount  of  diminution  is  less. 

At  first  glance,  a short  forward  pulse  for  the  first  sweep  combined 
with  a short  reverse  pulse  for  the  second  sweep  would  seem  like  the  best 
combination.  Although  this  choice  of  symmetry  relationship  gives  the 
largest  response,  it  also  gives  the  broadest  peaks.  The  two  peaks,  although 
larger,  are  too  far  apart  to  give  a reasonable  response.  The  best  symmetry 
relationship  is  one  where  one  current  is  large  and  the  other  is  fairly  small. 
The  choice  of  square  wave  amplitude  is  also  important  as  large  square  ampli- 
tudes show  considerable  broadening. 

Figure  13  shows  the  theoretical  forward,  reverse  and  difference  currents 

for  the  alternate  drop  mode  as  well  as  the  difference  current  for  regular 

square  wave.  The  alternate  drop  mode  shows  a marked  broadening  of  the  peak 

and  is  diminished.  The  reason  for  the  broadening  and  diminution  arises  from 

the  same  problem  that  DPR  mode  has,  mainly  that  the  reverse  current  has 

been  shifted  toward  the  initial  potential  by  2 E and  this  is  sufficient 

sw 

to  invalidate  the  additive  nature  of  the  difference  measurement. 

Figure  14  gives  an  example  of  the  use  of  this  technique  at  the  trace 
level.  Although  difficult  to  see  with  this  figure,  the  square  wave  alternate 
drop  mode  does  reduce  the  amount  of  background.  Since  relatively  small 
square  wave  amplitudes  must  be  used  in  order  to  keep  the  peak  width  at  a 
reasonable  value,  this  mode  does  not  do  as  well  as  the  differential  pulse 
modes . 

It  is  obvious  that  a good  deal  more  work  can  be  done  for  the  square 
wave  mode.  While  not  all  possible  variations  in  parameters  have  been 
studied,  it  was  thought  that  the  values  chosen  had  the  best  chance  of 
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being  the  optimum.  Perhaps  variations  in  measurement  times  and  symmetry 
relationships  can  maximize  this  mode. 

As  is  the  case  for  the  alternate  drop  modes  of  Christie  ert  al, 
potential  dependent  adsorption  of  trace  organics  of  any  kind  can  in- 
validate the  assumption  that  the  capacity  current  is  independent  of  the 
previous  history  of  the  waveform.  In  the  case  of  adsorption,  the  capac- 
ity background  may  be  incompletely  compensated  by  these  techniques. 

Up  until  recently,  all  electroanalytical  techniques  at  the  dropping 
mercury  electrode  had  a charging  current  contribution  due  to  the  growing 
drop.  With  the  advent  of  the  techniques  proposed  here  and  the  ones  developed 
by  Christie  et  (1,2,3),  this  charging  current  background  has  been  eliminated. 
Not  all  the  problems  with  trace  analysis  at  the  dme  have  been  dealt  with,  but 
at  least  headway  is  being  made. 

Although  no  alternate  drop  technique  has  yet  been  applied  to  a "real" 
sample,  it  is  hoped  that  with  the  introduction  of  commercial  instrumentation 
these  techniques  and  others  yet  to  be  developed  will  find  use  in  pulse 
polarographic  methodology. 
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TABLE  1 

Comparison  of  ordinary  and  alternate  drop  differential  pulse  forward  mode. 


n E . 
dp 

Ratio 

V 

T 

Ordi nary 

Peak  Peak 

Height  Width 

A1 ternate 
Peak 
Height 

Drop 

Peak 

Width 

Diminution 

Factor 

mV 

mV 

mV 

% 

15 

.5 

.216 

90.1 

.100 

99.1 

46.3 

25 

.5 

.377 

91  .9 

.166 

100.5 

44.0 

65 

.5 

.934 

104.0 

.394 

112.4 

42.2 

85 

.5 

1.14 

113.6 

.482 

122.0 

42.2 

15 

.33 

.251 

90.6 

.164 

97.8 

65.3 

25 

.33 

.426 

92.2 

.271 

99.2 

63.6 

65 

.33 

1 .03 

104.3 

.643 

111  .1 

62.4 

85 

.33 

1.25 

114.1 

.786 

120.8 

62.3 

15 

.25 

.287 

90.8 

.211 

97.0 

73.5 

25 

.25 

.481 

92.4 

.347 

98.4 

72.1 

65 

.25 

1.15 

104.5 

.822 

110.4 

71.5 

85 

.25 

1 .40 

114.2 

1.00 

120.0 

71  .4 

n.'.E  = 5 mV 
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TABLE  2 


Comparison 

of  ordinary 

' and  alternate  drop 

di fferential 

pul  se 

reverse  mode. 

e,ip 

Ratio 

Ordi nary 

A1 ternate 

Drop 

Diminution 

Peak 

Peak 

Peak 

Peak 

Factor 

Height 

Width 

Height 

Width 

mV 

mV 

mV 

Ct 

id 

10 

.5 

- .199 

92.5 

-.067 

98.7 

33.7 

20 

.5 

- .361 

93.1 

-.133 

99.8 

36.8 

60 

.5 

- .925 

103.8 

- . 369 

110.4 

39.9 

80 

.5 

-1.14 

113.2 

-.461 

119.4 

40.4 

10 

.33 

- .198 

91  .9 

-.107 

97.5 

54.0 

20 

.33 

- .373 

92.6 

-.212 

98.5 

56.8 

60 

.33 

- .984 

103.3 

-.585 

109.2 

59.5 

80 

.33 

-1.21 

112.6 

-.731 

118.3 

60.4 

10 

.25 

- .214 

91  .6 

-.141 

96.6 

65.9 

20 

.25 

- .411 

92.4 

-.280 

97.6 

68.2 

60 

.25 

-1.10 

103.1 

-.771 

108.3 

70.1 

SO 

.25 

-1.36 

112.3 

-.962 

117.4 

70.7 

nAE  = 5 mV 
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TABLE  3 

Comparison  of  ordinary  and  alternate  drop  square  wave 


n E 

sw 

0 

Ordi nary 

Peak  Peak 

Heiqht  Width 

A1 ternate 
Peak 
Height 

drop 

Peak 

Width 

Qinri  nution 
Factor 

mV 

mV 

mV 

Of 

Jo 

10 

.5 

.361 

93.1 

.288 

105.2 

79.8 

20 

.5 

.664 

97.0 

.482 

112.0 

72.6 

30 

.5 

.925 

103.8 

.607 

147.3 

65.6 

50 

.5 

1.30 

124.8 

.721 

213.8 

55.4 

10 

.33 

.409 

93.5 

.340 

102.3 

83.1 

20 

.33 

.735 

97.5 

.574 

113.9 

78.1 

30 

.33 

1 .02 

104.4 

.751 

129.3 

73.6 

50 

.33 

1.24 

113.8 

.981 

163.0 

69.0 

10 

.25 

.464 

93.6 

.395 

100.5 

85.6 

20 

.25 

.825 

97.7 

.676 

109.2 

82.0 

30 

.25 

1.14 

104.7 

.899 

120.5 

78.9 

50 

.25 

1.39 

114.1 

1.21 

145.8 

76.6 

Condi tions ; 

nAE  = 

5 mV,  p-j  = o 

- 0.001  , 

o2  = 0.999 
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FIGURE  CAPTIONS 

FIGURE  1:  Potential -time  profile  and  timing  for  rapid  scan  alternate 

drop  normal  pulse  pol arography. 

Solid  line  = waveform  for  first  drop 

Dashed  line  = waveform  for  second  drop 

FIGURE  2:  Current-potential  characteristics  for  rapid  scan  alternate 

.5 

drop  normal  pulse  pol arography . 8.42  x 10  M Cd  in  0.1  M HC1 . 

Conditions:  aE  = 5 mV;  x(NP)  = 33.3  msec;  6(NP)  = 16.7  msec; 
x (SC)  = 50  msec;  = 1 sec;  Ave  = 10;  m = .785  mg/ sec. 

Instrument  PAR  174.  Currents  normalized  to  delay  time. 

FIGURE  3:  Rapid  scan  normal  pulse  polarograms  of  8.43  x 10-7  M Cd  in 

0.1  Cd  in  0.1  M KC1.  (a)  ordinary  (b)  alternate  drop. 
Conditions:  AE  = 5 mV;  x = 37.5  msec;  a = 12.5  msec;  x(SC)  = 

50  msec;  = 2 sec;  Ave  = 30.  Instrument  = 48  J.  Currents 
normalized  to  delay  time. 

FIGURE  4:  Potential -Time  Profile  and  Timing  for  Rapid  Scan  Alternate  Drop 

Constant  Potential  Pulse  Pol arography . 

Solid  line  first  scanning  waveform. 

Dashed  line  second  "waveform". 

FIGURE  5:  Current-potential  characteristics  for  rapid  scan  alternate  drop 

_5 

constant  potential  pulse  pol arography . A.  8.42  x 10  M Cd  in 
0.1  M MCI . AE  = 5 mV;  x = 16.7  msec;  6 = 16.7  msec;  1^  = 2 sec; 
Ave  = 10;  Instrument  PAR  174.  (B)  8.42  x 10~7  M Cd  in  0.1  M KC1 . 
AE  = 5 mV;  x = 37.5  msec;  6 = 12.5  msec;  T^  = 2 sec;  Ave  = 30; 
Instrument  48  J.  m = .785  mg/sec.  Currents  have  been  inverted 
for  this  figure  and  normalized  to  delay  time. 


FIGURE  6: 


FIGURE  7: 


FIGURE  8: 


FIGURE  9: 


FIGURE  10: 
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Potential-time  profile  and  timing  for  rapid  scan  alternate 

drop  differential  pulse  forward  mode. 

Solid  line  = waveform  for  first  scan 

Dashed  line  = waveform  for  second  scan. 

Current  potential  characteristics  for  rapid  scan  alternate 

-5 

drop  differential  pulse  forward  mode.  8.42  x 10  M Cd  in 
0.1  M HC1 . A.  Difference  Current.  B.  Individual  Pulse 
and  Staircase  Currents.  Conditions:  For  difference  and  pulse 
measurement  - E^  = 35  mV;  r = 37.5  msec;  6 = 12.5  msec;  AF  = 

5 mV;  = 1 sec;  Ave  = 15.  For  staircase  measurement  - aE  = 

5 mV;  t = 50  msec;  = 1 sec;  Ave  = 10;  m = .785  mg/sec. 

Instrument  PAR  174. 

Comparison  of  rapid  scan  differential  pulse  and  rapid  scan 
alternate  drop  differential  pulse  forward  mode  for  2 x 10  ^ M 
lead  in  0.1  F KC1 . (a)  ordinary  (b)  alternate  drop.  Conditions: 

Edp  = 90  mV;  t = 50  msec;  5 = 16.7  msec;  = 1 sec;  aE  = 5 mV; 
m = .785  mg/sec.  Instrument  48J.  Currents  normalized  to  delay 
time. 

Potential-time  profile  and  timing  for  rapid  scan  alternate  drop 
differential  pulse  reverse  mode. 

Solid  line  = waveform  for  first  scan 
Dashed  line  = waveform  for  second  scan. 

Theoretical  individual  pulse  and  staircase  currents  for  differ- 
ential pulse  reverse  mode.  Conditions:  aE  = 5 mV;  E^  = 60  mV; 
ratio  ( 6/x ) = .25. 

Rapid  scan  alternate  drop  differential  pulse  reverse  mode 
polarogram  for  2 x 10"^  M lead  in  0.1  M KC1.  Conditions  same 


FIGURE  11: 
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FIGURE  12: 


FIGURE  13: 


FIGURE  14: 


as  Figure  8.  Currents  have  been  inverted  for  this  figure  and 
normalized  to  the  delay  time. 

Potential -time  profile  and  timing  for  rapid  scan  alternate  drop 
square  wave  polarography . 

Symmetry  of  forward  pulse  waveform  (solid  line)  = .2 
Symmetry  of  reverse  pulse  waveform  (dashed  line)  = .8 
Theoretical  currents  for  regular  and  alternate  drop  rapid  scan 
square  wave.  A.  Difference  current  (-)  ordinary,  (...) 
alternate  drop.  B.  Individual  forward  and  reverse  currents 
for  alternate  drop.  Conditions:  nAE  = 5 mV;  n E = 30  mV; 

5 W 

a = .33. 

Comparison  of  ordinary  and  alternate  drop  rapid  scan  square 
wave  polarography  for  2 x 10  ^ M lead  in  -.1  F KC1 . (a) 

ordinary,  (b)  alternate  drop.  Conditions:  E^w  = 20  mV;  aE  = 

5 mV;  o = .33;  t = 50  msec;  m = .785  mg/sec.  Instrument  48J. 
Currents  normalized  to  delay  time. 
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